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COMPARTSON OF OUTSIDE-SURFACE HEAT-TRANSFER COEFFICIENTS
FOR CASCADES OF TURBINE BLADES

By James E. Hubbartt

SUMMARY

Available literature from heat-transfer investigations on cas-
cadesa of turbine blades was surveyed and the results from each
investligation are presented according to the correlation procedure
used by each lnvestigator. A comparison of these results was made
using the Nusselt equation with the Reynolds number defined by
either the lnlet velocliy and presswvre or the average of the
velocities and the pressures saround the blades.

A correlation of the results obtained from the impulse blades
investigated was improved by using the average Reynolds number. By
using this correlation procedure, the results from all the turbine-
blade investigations with the exception of one blade, which had a
high degree of reaction, could be represented by a mean llne with a
maximum deviation of 415 percent.

The results from an investlgation with & resd¢tlon blede were
correlated by introducing the temperature ratlo with an exponent
of approximately 1/3 in the Nusselt eguation.

INTRODUCTION

In oxder to attain high gas-turbine inlet temperatures or
operation &t current temperatures with turbine blades comnstructed
of nonstrategic materials, the blades must be cooled below tempera-
tures at which extreme losses In strength occur. Evalustion of
turbine-blade cooling is dependent on & knowledge of the outside-
surface heat-transfer coefflclent as well as many other factors.

INCLASSIFIED
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The heat=-tranafer process for flow along flat plates and nor-
mal to and inside oylinders hes received considerable eXxperi-
mental study and the results have been satisfactorily correlated
(for example, reference 1). Application of these results %o tur-
bine blades is questionable because a heat-transfer-correlation
procedure for flat plates and cylinders 1s simplified by the aimi-
larity in shape parameters and proportionslities in flow parameters.

A limited number of experimental heat-transfer investigations
have been made on static cascades of both Impulse- and reactlon-
type turbine blades (references 2 to 6). In all cases, the average
outslde-gurface heat-transfer coefficlents were determined and an
individuael correlation of the results from each cascede wes mede.
The correlatlion procedures used were, ln general, the same as that
ugsed for results from similarly sheped bodles but the correlation
parameters were defined differently. In 'most cases, the investle-
gations were made using low temperature differences,

A study of the outslde-surface heat-transfer process maede =t
the NACA Lewis laboratory presents a collection of avallable heet-
transfer results obtained from investigations in which outside-
surface coefficlents were determined for static turbine-blade cas-
cades., The correlation of the results from each experiment, as
presented by the individual investigator, is included with a brief
desoription of the experimental conditlons and evaluation of the
results. In addition, a correlation procedurs is proposed and ap-
plied to the available resulis and a comparison is made using this
procedure, Factors are pointed out that seemingly influence the
correlations. Further experimental research to investigate such

factors is therefore indicated.

Acknowledgement 1s mede to the General Electric Compeny and
the Britigh Natlional Gas Turbine Establishment for helpful
cooperation.

CORRELATION EQUATION
Experiments with heated or cooled bodies in a gas stream indi-
cate that the lengthy functiomal relastlon for heat traznsfer obtained
from dimenslonal analysis can, In many cases, be reduced to the
simple Nusselt equation

Nu = t‘)I(Re)cII (Pr)cIII (1)

(A1l symbols are defined In the appendix.)
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This equation has been conventionally used to relate the heat~
tranafer process for forced convection. The exact definitlion of
the variables in each parsmeter, however, has not been estzblished.
In the available literature pertalning to heat-tramsfer investi-
gations with turblne blades, the heat-transfer cocefficlent has
been based on the difference bebtween the seffective ges temperaturs
and the surface temperature. Various temperatures have been used
to define the gas propertles and the density. In some recent work
(reference 1) , better correlation was obtained.when both the gas
properties and the density were defined by the surface temperature.
For most correlatlon work, the pressure defining the density and
the veloclty have been taken in the main stream at the Inlet %o
the test body. In some cases, however, the exlt or mean velocity
and pressure have been used. Moreover, the characteristic length
in the Reynolds and Nusselt numbers has, in general, differed for
each different gedmetric shape investigated. One characteristic
length, the perimeter divided by =, has been frequently used for
correlating results from turbine blades,

Equation (1) has been sufficient for correlating results from
heat-transfer investigations with similarly shaped bodies or one
particuler body when the temperature ratios (ratlio of the free-
stream temperature to the surface temperature) are near 1. In
most czses, the definltlon of the various parameters therefors
geems to have little or no effect on the corrslation. Results
from various complex shapes, such as bturblne blades, with variable
temperature ratlos indlicate that this simplified equation is
inadequate for correlatlion and that more specific definitions of
the parameters are needed.

Most heat-transfer investigations with turbine bledes have
been,performed in order to cobteln immediate design deta for the
particular turbine blade Investigated. A correlation of the par-
ticular data was therefore required but objJective correlation
with all other avalleble results was not Investigated. A corre-
latlion of the results from each individual heat-transfer investi-
gation has been mede herein using equation (1).

PRESENTATION OF AVATT.ABLE DATA

Heat-transfer results for static turblne-blade cescades have
been obtained by the NACA (referenmce 2), in Great Britain (refer-
ence 3), and in Germeny (references 4 and 5). Drawings of all the
blades and passage conflgurations used in these investigatlons and,
in addition, wmpublished date from a single heat-transfer investi-
gation by the General Electrlc Company are presented in figure 1.
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In each investigation the results were correlated using the Nussel?b
equation (equation (1)). The procedure used for defining the pa-
rameters in the Nusselt equation and the approximate temperature
ratio are given in table I, In addition, table I shows the inletd
static gas tempersture, the number of blades, and the ratlio of the
chord to the spacing for each Investigation.

The results of the investigation of reference 2 are ghown in
figure 2(a). These results have a meximum deviation of approxi-
mately £10 percent from the line represented by the equation on
figure 2(a). These data were obtained using a cascade of symmet-
rical impulse blades that were heated by conduction from an elec-
trically heated dummy-wheel section. Cooled air was passed over
the external surface of the blades. The Mach number at the blade
outlet was varied from 0.3 to 1.0. A recovery-factor calibration
curve for the blade was experimentally determined and the heat-
transfer coefflclent was computed by essuming a one-dimensiocnal
temperature distribution (1in & radial direction) in the experi-
mental blade.

The results of the unpublished investigation are Presented in
figure 2(b}. The results can be represented by the Nusselt equation
although the parmmeters that have been plotted differ from those in
the Nusselt equation. Only seven data Dointe were obtained; however,
the deviation from a straight line is small and the results are woll
repregented by the equation given on figure 2(b)., The tests were
performed using air at low velocities rassed over the cascade of im-
pulse blades, which were heated by steam flowing into the interior
of the blades, Because the air velocities were low, the effective
gas temperature was approximately equal to the total ges temperature.
The heat-flow rate was computed by measuring the quantity of steam
condensing inside the blade.

Shown in figures 2(c) and 2(d) are the results of the investi-
gations of reference 3., These investigations were conducted using
both heated air and combustion geses passed over the cascsade of
blades. The blades were cooled by water flowing through an anmnuler
pagsage near the blade surface. The recovery factor was agsumed
as 0.85 and the heat-transfer coefficient was determined from the
heat-flow rate, which could be computed by measuring the tempera-
ture rise in the cooling water. Initially the over-all heat-
transfer coefficient was computed and the data points Plotted, as
shown in figures 2(c)} and 2(d). The solid line representing these
results was then corrected to a curve for which the heat-transfer
coefflclent was based .on the difference between the effective gas

o
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temperature and the average blade temperature by computing the
blade-to-water coefficient from existing formulas. The results in
figure 2(c) were obtained using a cascade of impulse blades and
the results in figure 2(d) were obtained using & cascade of reaction
bledes. The bledes for both cagcades were the same but the blade
gstagger changed to increase or to decrease the percentege reaction.
The results are represented by the equations given on figures 2(c)
and 2(d) with a maximum deviation of approximately 10 percent.

Figure 2(e) presents the resulis of experiments published in
reference 4. The cascade was so designed that the angle of attack
and the retio of chord to spacing could be varied. The results
presented are for two ratios of chord to spacing. The resulits for
the larger ratlo are accurately represented by the corresponiing
equation in figure 2(e). The results from the larger spacing devi-
ate somewhat from the corresponding equation. The investigators
apparently established this equation by comparing trends obtained
from the various results at different blade spacings and angles of
attack, Alr was passed through the cascade of blades and the
experimental blade was heated by steam flowing through five holes
in the blade. Beczuse the alr velocltles were relatively low, the
effective gas temperature was approximately equal to the total gas
temperature. The heat-Flow rate was determined from the drop in
enthalpy of the steam ag it passed through the hlade.

The results of the lnvestlgatlion of reference 5 are shown In
figure 2(f). These results are represented by the eguation in fig-
ure 2(f). Air was passed through the cascade of impulse blades
and the experimental blade was heated by electric heating elements
located 1in the blade. Because the alr velocitles were relatively
low, the effective gas temperature is approximately egual to the
total gas ‘temperature. The heat-transfer coefficlent was deter-
mined from the heat-flow rate, which was computed from the power
input to the heating elements.

All results except those from the reaction blede of refer-
ence 3 were obtalned from investigations at temperature ratios
that were approximately constant and near 1. The results from the
reaction blade of reference 3 were obtained at temperature ratios
from approximately 1.0 to 2.0. For thls investigation, a
temperature-ratic effect was detected.

The need for & representative procedure of correlating heab-
transfer results from turbine blades is evidenced by the variations
in the equation that has been used to represent the available
experimental results.
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COMPARISON OF AVAILABLE DATA
Comparison with Inlet Reynolds Number

The correlation of forced~convection heat-transfer results
for gases flowing normal to a heated or cooled body has commonly
involved using the Nusselt equation with the Reynolds number
defined by the maln-stream pressure and veloclty at the immedi-
ate Inlet to the body. In addition, the characteristlc dimension
has fregquently been represented by the hydraulic dlameter of an
equivalent cylinder. For & turbine blade, this quantity 1s taken
as the perimeter divided by =. This procedure has therefore been
used to compare the available data. These results are shown in
figure 3; the gas properties and the density have been deflined by
the average blade Lemperature. This method of defining the gas
properties and the density is used herein because of the results
pregsented in reference 1. In reference 1, a correlation of the
results from heat-~transfer investligations wlth air flowing inside
tubes was obtained using the Nusselt correletion equation when the
gas properties and density were defined by the surface temperature;

whereas a separate relation was requlred for each tempersture ratio

when other temperatures were used.

For figure 3, the results from the reaction-blade investiga-
tions of reference 3 have been reduced to a temperature ratio of 1,
which is a ratio comparable to those for the other investigations.
The heat-transfer rates for the reaction blades are, in some ceses,
greater than those for the Ilmpulse blades although the slopes
(which would be 0.5 for a laminar boundary layer and 0.8 for a tur-
bulent boundary layer) of the curves indicate that the impulse
blades have a much larger percentage of turbulent boundary layer,
the type that promotes the higher heat-transfer rate. The slopes
of the curves representing the resulta from the four impulse
blades are all similar, indicating that the percentage of the sur-
face over which there is a turbulent boundary layer is similar.
Neovertheless, the heat-transfer rate for these impulse blades
varies as much as 45 percent. It is doubtful that this difference
could be attributed to experimental error. Apparently, the corre-
lation procedure is Incomplete and must be modified to Incorporate
varlablea that Influence the comparison obtained in filgure 3. A
modification of thls procedure to obtain a complete correlation
cennot be made until more extensive theoretical dsvelopments and
experimental investigetions have been completed. In view of cur-
rent heat-transfer theory, some improvements can be incorporated
and comparisons partly Justlified. Nevertheless, the correlation
procedure of figure 3 is probably the most convenlent procedure

0821
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for design purposes and 1s adeguate for correlatling resulis from

investigations on one parkticular cascade of blades operating at a
constant temperature ratio. Figure 3 can bs used for predicting

heat transfer to a cascale by selecting a curve representing the

results from a similar blade and blade arrangement.

An argument agalnst defining the average Nusselt number by
the Reynolds number based on the inlet veloclty and pressure can
be advanced by visualizing two cascades of different blades and
passege configurations but with similar boundary layers. With the
seme blede spacing in the two cascades and inlet coniitions and
blade temperatures, the local heat-transfer coefficient of & reglon
on one blade in each cascade will differ because the local Reynolds
number distribution differs. Because the local heat-transfer coef-
ficient differs, the average Nusselt number will, in general, differ.
For these two cases, identical inlet Reynolds numbers then yleld
different heat-flow rategs. Apparently, this Reynolds number is in
itself ingufficient. In order to establish the relstion defining
the average heat-transfer coefficlent, the local coefficlents could
be expressed by the equatlon

Cy-
Fu_ = Cry Re, (2) .

and the inbegrated average determined. The 1ntegration cannot be
evaluated at present because it lg so difficult as to be Impractl-
cal to express the veloclty and pressure around a turbine blade
with the independent variable x. It seems reasonable that the
integration would yield an expression involving the Reynolds num=-
ber defined by the averages of the velocities and the pressures
around the blade. The use of this average Reynolds number in the
correlation equation may lmprove and present & more reasonsble
comparison of various resulte than that obtaeined using the inlet
Reynolds number.

Comparison with Average Reynolds Number

Determination of average Reynolds number. - The available
heat-trenafer date from turbine-blade cascedes have been reworked
gso that the results could be compared using the average Reynolds
number in the correlation equation. Because the velocliy and
pressure distributions were not experimentally obtained, they were
calculated usling theoretical methois and the average velocliy and
pressure were determined as the Integrated mean. The stresam-
filement theory for a compressible fluid (reference 6) was used -
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to determine the local velocities on the blade praofile in the
chammeled portion of the blades. The velocities in the reglons
of the leading and trailing edges, over which the stream-fllament
theory does not apply, were estimated by a clrculation check
(reference 6).

A sample veloclty distribution calculated for a reaction
blade is shown in figure 4. The stream-filament theory applies
over the surface in the regions between 0 eand Oy and between
0;' and Op'. For the remaining portion of the blade, a clrcula-
tion check was made to fair in the velocity curve. The circulation
around the leeding edge is determined as the product of the inlet
velocity, the spacing, and the sine of the acute angle between the
inlet~-velocity vector and the cescade line. The calculated circu-
lation must check that represented by the difference between the
area under the velocity curve from Op +to the leadlng edge and
from the leading edge to Os'. The procedure followed was there~
Pore to fair in the velocity curve in order to fulfill swuch a
check. Similarly, for the tralling edge, the circulatlion repre-
sented by the difference in areas from the trailing edge to 0O
and from 03! to the tralling edge must check that determined
from the product of the outlet veloclity, the spacing, and the sine
of the acute angle between the outlet-veloclty wvector and the cas-
cade line.

Nondimensional plots of the theoretical velocity distributions
for the various blades Iinvestigated are shown in figure 5.

The pressure distribution was determined from the velocity
distribution by assuming the total temperature and the total pres-
sure as constant throughout the blade passage.

The velocity and pressure dilstributlions were ccmputed for at
least three inlet-state conditions for each blasde investigated.
The inlet Reynolds number and the corresponding average Reynolds
nunmber were then computed for each inlet-gstate condition. The

1/3
corresponding value of Imav/Prg b / was then dstermined from

figure 3 using the calculated 1niet Reynolds number and the line
for the particuler blede. By this method, at least three valuss

1/3
of I‘m.m,./Prg,-n / and the correspondling average Reynolds numbers
were determined for each blade investigated. Thereby, & plot simli-
ler to figure 3 could be eslablished.

Application of average Reynolds number. - The results from
the investigations with the impulse bledes are compared in figure 6.




NACA RM E50028 : 9

The conversion from the inlet Reynoclds number to the averege
‘Reynolds number is completed in figure 6(b). The maximum varia- .
tion between the results has been reduced from the original 45 per-
cent in figure 6(a) to 23 percent in figure 6(D).

The results from the Investigations of reference 3 for both
impulse and reaction blades are compasred in Pigurd 7 with the
abscisse as the inlet Reynolds number in figure 7(a) and the aver=-
age Reynolds number in figure 7(b). The boundary layer is apparently
leminer for the reection blade and partly turbulent for the Impulse
bledes, aa indicated by the slopes of the respectlive curves.
Although the agreement between the two sets of results in fig-
ure 7(a) is better than that in figure 7(b), figure 7(b) is a more
logical representation of the results because the predominating
laminar houndary layer of the reaction blade 1las expected to be
accompanied by lower heabt-transfer coefficlenbs for comparable
conditions.

Figure 8 i1s included to show a comparison of &ll the results
computed using the average Reynolds number as the abscissa. The
results from the investigation of reference 4 with two blade
specings have been reduced to & common line by this correlation
procedure. The results from a flat plate with both & laminar and
a turbulent boundary layer (reference 7) are also shown in figure 8.
the characteristic length for the flat plate has been changed from
the plate length to the perimeter divided by =x where the perimeter
is taken as twice the blade length. The results from all of the
turbine-blade investigations with the exception of the reaction
blade of reference 3 can be represented by a mean line on figure 8
with a2 maximum deviation of 115 percent.

Characteristic length. - Because the local heat-transfer coef-
ficient is defined by equation (2), where the characteristic length
is the distance x, it seems resasonsble to define the average heat-
transfer coefficient by the RNusselt equation, where the character-
istic dimension is the total surface length from the leading edge
to the trailing edge. By integration of equation (2) to express
the average heat-transfer coefficient over & surface using simple
prescribed velocity distributions, it can be shown that the charac-
teristic length in the resulting Russelt equation is the total sur-
face length. For turbine blades where the air flows over two sur-
faces, an average of the two characteristic lengths could be used.
This average is expressed as the perimeter divided by 2. The use
of this average length rather than the perlimeter divided by =x can-
not, however, improve the comparison obtained in figure 8 hecause a
conversion from one length to the other is & multiplication of all
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values of both the ordinate and abscissa by a constant (in effect,

& simple axis shift). Improvements in the correlation can only
result if a characteristic length that cannot be expressed as the
product of a constant and the perimeter is used. Equation (2) could
possibly be extended to include the effects of geometry parameters
by selecting a characteristic length that is representative of the
passage configuration as well as the blade shape.

Additional Factors Affecting Correlation

Several parsmeters other then tnose in the Nusselt eguationm,
which are subsegquently discussed, are known to Influence heat
tranefer to turbine blades. The Nusselt equation as used in fig-
ure 8 is therefore expected to correlate the results only partly.

Pressure gradient. - A faotor, other than those used in the
correlation procedure of flgure 8, which may Influence the heat-
transfer rate 1s one that takes into account the geometric con-
figuration of the body. Such a term is the Euler number m,
which la defined as the ratioc of the pressure forcesa to the momen-
tum. The effect of Euler number on heat tranafer for a laminar
boundary layer over a wedge having a veloclity distribution corres-
ponding to V, = Cyy x* 1s shown in reference 8 and in figure 9.
The ordinate represents Cry of equation (2) with Cyy as 0.5.
Flgure 9 shows that by verying the Euler number from O to 1, the
local Nusselt number for a given local Reynolds number is increased
by approximately 70 percent. The average Nusselt number, however,
as determined by integrating eguation (2) with Cpy a8 the ordi-
nate and Cy as 0.5, for a glven average Reyrnioclds number is
incressed by slightly less than 20 percent. The effect, &s shown
in figure 2, may not be typlcel of those effects applicable for
turbine blades with velocity dlstributions quite different from
Vy = Cyr X%; however, it does indicate the order of magnitude of

3

pressure-gradient effect, which might be typical for a surface
with a laminar boundary lasyer. No solutions are available for
pressure~gradient effect in a turbulent boundery layer.

It seems possible to explaln in part the trends In figure 8
by a pressure-greadlent effsct. For example, by camparing the
results from flat plates with those from turbine blades 1t is
apparent that a turblne blade with the same percentage of laminar
boundary layer (slopes corresponding) as a flat plate will have
the much higher heat-trensfer rate. In general, the differencea
in flgure 8 are larger than is predicted by the results of fig-
ure 8. When eguation (2), the veloclty distribution, and the
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pressure-gradient effect of figure 9 are applied to the results
from the reaction blade of reference 3, the pressure gradlent
seemingly could account for one-half of the difference between
these results and those from a flat plate with a laminar boundary
layer. In addition, the correlation curves for the reactlon blades
investigated are approximetely within the ordinate range, which
expresses the results from the impulse blades although the Ilmpulse
blades have the larger percentage of turbulent houndary lsyer over
their surfece. This comparison of the heat-transfer rates, also,
can be explained by the more favorable pressure gradient on a
reaction blade (fig. 5), which increases the heat transferred
through the laminar boundary layer.

Temperebture ratic. - Another factor that may influence heat
transfer is the ratic of the free-stream temperature to the sur-
face temperature. The temperaturs ratio may influence the heatb
transfer in two ways:

(1) Tt may have a direct effect on the tempereture distribu-
tion in the boundary layer. Theoretlcal solutlons of references 9
and 10 have shown that for a flat plate with & laminer boundary
layer this effect is small for temperature ratios of the order of
those used for the experiments reported herein.

(2) The temperature ratio may also have the effect of stabil-
izing (for a cooled body) or destabilizing (for a heated body) the
laminayr boundary leyer resulting in & shift of the transition
region.

Experimental heat-transfer investigatlions with turbine blades
at temperatures appreciably different from the gas temperature ars
limited to those of reference 3 using & cascade of reaction blades.
In order to galn knowledge, the date from this Investigatlon have
been reworked with the tempersture ratio Incorporated in the
correlation equation as shown in figure 10. The Reynolds number
exponent is taken from figure 2(d). The inlet Reynolds number
and the perimeter divided by = a8 the characteristic length are
used for convenience. The results can be represented by expressing
the ordinate proportional to the tempersture ratio to approximately
the negative one-third power. This exponent 1s much larger than
that predicted by the theory of references 9 and 10 for a flat
plate. Currently no definite explanation for thls large exponent
is gvallable. In the case of reaction blades, it may be advisable
to apply & temperature-ratio correction factor simllar to that of
figure 10.
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Additional factors that may influence heat transfer to cas-~
cades of turbine blades ere transition, separation, eand centrifugal
effectas in the boundary layer. Transition from a laminer boundary
layer to a turbulent boundary layer is accounted for In the corre-
* lation procedures that have been used by the exponent of the
Reynolds punber. For a more complete understanding of results
from turbine bledes, & more precise method of Interpreting tran-
sition effects is needed. For better correlationas, a method of
introducing transition in the correletlion must be developed. The
effect of transition on the resulis of figure 8 is, in most cases,
to increase the heat-flow rate for an impulse blade &bove that for
a reaction blade. Because little is known concerning hesat trans-
fer in the separated regions, investligatlons should Pe made to

stnd{ this problem.

CONCLUDING REMARKS

The use of an average Reynolds number improved the correlation
of results from static cascades of impulse turbine blades. This
correlation procedure, which appears reasonable from & theoretical
basis, accounts in part for the effects of blade shape and flow-

pessage configuration.

A reaction blade with a laminsr boundery layer had a much
greater heat-transfer rate than a flat plate with a laminar bound-
ary layer. This dlfference together with the results presented
indicated the exlstence of pressure-gradlent effects, which seemed
greater in magnituvde than explainsble by the simple theory avail-
able. Tho need for both experimental and theoretical studies of
the pressure gredlent effects was indilcated.

The temperature ratio seemed to have a significant effect on
heat transfer .with reaction blades. The results from an Iinvesti-
gation with a reaction blede were correlated by introducing the
tempereture ratio with an exponent of approximately 1/3 in the
¢ Nusselt equation. More extensive studies with various types of
blade are needed to investigate this effect. '

1280



0821

NACA RM E50C28

In order to determine rotational effects, actual turblnes,
instead of the stabtic turbilne-blade cascades used, should be
investigated and the results analyzed wlth results from stablc
cascades. '

Lewis Flight Propulsion Leaboratory,
National Advisory Committee for Asronautics,
Cleveland, Ohio.

13



14

NACA RM ES0C28

APPENDIX - SYMBOLS

The following symbols are used in the calculations and the

Filgures.
A

Nu

By

Nugy

flow area, sq ft
veloclty of sound, £i/sec
chord, £t

arbltrary constants

gpecific heat at constant pressure,

Btu/(1b) (°F)
charecteristic length, £t
acceleration due to gravity, £t /se0?

heat-transfer coefficlent, Btu/(hr)(sq ft)
(°F)

thermal conductivity, Btu/(hr)(£t)(°F)

surface length from leading edge to trail-
ing edge, £t

perimeter of blade, £t
op

local Fuler number, 12 Sy
ST
8,X g,X

Nusselt mumber, B.'D/kg

local Nusselt number, Hyx/kg x

1

average Nusselt number, kavx

g,b

absolute static pressure, 1b/sg ft

1280
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? defined by p = 1/2 (pg,i + Pg,o)’ 1b/sq £t
Pr . . Prendtl number, 3600 cp’éxg/kg
R ges constant, £t-1b/(1b)(°F)
Re Reynolds number, nggD/p.s
l
Regy : average Reynolds number, Pﬁézévs’ay X
'bp'g_,'l::g

Z

Re 1 inlet Reynolds number, P—RS-_;-:—:S—’E-SE
g;b
Rey local Reynolds number, pg,xvg’xx/pg,x
t static temperature, °R
1 temperature defined by & = 1/2 (tg,e+ t,), °R
v sbsolute velocity, ft/sec
w welght flow, 1b/sec
x distance along surfgoe from 1eaiieg edgs, Tt
8 angle formed by inlet-veloclty vector and
line perpendiculer to casceale line, deg

N absolute viscosity, slugs/(ft)(sec)
P mass density, slugs/cu £t
Subscripts:
av average
b blade or at blede temperature

c coolant
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e effective
£ £ilm
g . ‘ges
i inlet
o outlet
% ' . throat
w wall or at wall temperature
x | local position corresponding to distance x
1,2, . « «, 5 references
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TABLE T - SUMMARY OF VARTABLES TSED IN HEAT-TRARSFER INVESTIGATIONS AND CORRELATION PROCEDURES
Tnvestigator NACA General Eleotric|{ British British German
Reference 2 3 4 ]

T

Temperature ratlo, -5t 0.9 0.8 1to2 0.83 0.8

Evaluation temperature for:

Viecosity il Inlet gtream |Average blade| Inlet stresm|Inlet stream
Deneity Tnlet stresm Throat® Mean® Inlet etream|Inlet strsam
Thermal conduvotivity Film! Inlet stresm |Average blade| Inlet stream|Inlet atream

Pregoure for density Tnlet stresm| - Throat® Mean® Tnlet stresm|Inlet stream

Velocity Inlet stream Throat® Exit stream | Inlet stream|{Inlet stream

Characteristic lepgth Perimeter/x Perimeter Chord Chord, Perimeter/x

Chord, in. 0.680 3.08 1,0 2,57 3.94

Fumber of bledes in cescale 6 1 [ 4 3

Chord /spacing 1.92 1.89 1.61 2,04 and 1.89 1.47

Approximate inlet static

gas temperature, °R 530 550 £65 - 1200 535 540
WA

ri1n tempersturs, tp = %- (t1+ty).

'zDensity multiplied by velocity, pV = w/At.

SMean density, p = B/Rby.

1

820097 W VOVH
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Alr flow

(a)} NACA (reference 2}.

el

/

Air flow

(b) German (reference 5).

3.08

Air flow

(c) General! Electric.

{d) British {reference 4)

Air flow x EJF
.625"

\T
.4-—r—.6

(e} Impulse British
{reference 3}.

(f) Reaction British
(reference 3).

Figure |. - Turbine-blade profiles and passage configurations.
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Flgure 3. - Comparison of avallable turbine heat~transfer data computed using inlet Reynolds number.
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Figure 9. — Theoretical heat-transfer resulits of
reference 8 showing pressure-gradient effects.
Mach number, approximately G; Prandtl number, 0.7;
ratio of static wall temperature to static gas

temperature, {; V, = Cy;xT.
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